Abstract The present study compared liquid sourdough technology with baker's yeast leavening when applied to the production of a semolina-based crispy flatbread. Following in vitro starch digestion, the results revealed the sourdough leavened flatbread to contain a lower percentage of rapidly digestible starch (16%), higher amounts of slowly digestible starch (27%) and inaccessible digestible starch (4.1%) compared with the baker's yeast leavened flatbread (20, 20, and 2.4%, respectively), making the former nutritionally healthier. The sourdough leavened bread was crispier, stiffer and more solid, as shown by texture analyses, although Raman spectroscopy revealed no differences in the crystallinity status of starch. The descriptive analyses show that the use of sourdough enhances the positive sensory traits, as rated by the consumer panel scores (6.08 vs. 5.56). In summary, the results indicate that the implementation of sourdough technology in the production of flat crispy breads could confer economic advantages to this product.
Introduction
Consumer awareness about the implications of healthy food choices has fueled the food industry to address the demand for foods conferring health benefits that go beyond basic nutritional requirements. As a result, the bakery and pastry market has started to adopt strategies based on the health and/or nutritional claims of specific ingredients (Sirbu and Arghire, 2017) . To this regard, researchers have addressed the possibility of enriching breads with functional ingredients in order to enhance their health properties. Sourdough technology is the most ancient technology used to leaven bread, and its use has beneficial effects in terms of sensory quality, nutritional value, digestibility, and the shelf life of the breads obtained in this mode (Chavan and Chavan, 2011) . In particular, the use of sourdough as a leavening technology, rather than baker's yeast, can play a key role in reducing the glycemic index (GI); even in white bread (De Angelis et al., 2007 , De Angelis et al., 2009 Scazzina et al., 2009 ) and gluten-free bread (Novotni et al., 2012) . The GI provides a relative ranking of a food's carbohydrate content, according to how the constituent carbohydrates affect blood glucose concentration (Fardet, 2016) . The mechanism by which sourdough reduces the GI is not entirely clear, and different hypotheses have been put forward. Some authors have attributed the effect to organic acids produced by lactic acid bacteria (LAB) present in the sourdough that may slow gastric emptying (Scazzina et al., 2009 ) and/or cause a reduction in starch bioavailability (Ö stman et al., 2002) . Starch is the main component of semolina and the primary source of carbohydrate in the human diet. From a nutritional point of view, starch can be divided into three fractions: rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS). More in deep, the starch fraction which is resistant to enzymatic digestion because of food structure, is called inaccessible digestible starch (IDS) (Mishra and Monro, 2009; Mishra and Monro, 2012) . Then, the sum of RDS, SDS, and IDS indicate the total potentially digestible starch. These fractions can be quantified using in vitro gastro-intestinal digestion and the spectrophotometric measurement of the amount of glucose released at set times (Woolnough et al., 2008) . RDS is the fraction of starch digested during the first 20 min of in vitro digestion; SDS is the fraction of starch digested in the time interval between 20 and 120 min; RS is ''the sum of the starch and starch-degradation products that, on average, reaches the human large intestine'' (Englyst and Hudson, 1996) ; IDS is defined as digestible starch released by tissue disruption at 120 min digestion (Mishra and Monro, 2009 ). The rise in blood glucose concentration during the first 120 min following food ingestion is the so-called ''glycemic response'', which depends on: 1) how much starch has been digested and converted to glucose within the timeframe; and 2) the rate of glucose absorption in the intestine (Borczak et al., 2011) . According to Lehmann and Robin (2007) , the consumption of foods containing a high amount of SDS generates a lower post-prandial glucose level. Postprandial glucose, together with related hyperinsulinemia and lipidemia, has been implicated in the development of chronic metabolic diseases, including obesity, type 2 diabetes mellitus (T2DM), and cardiovascular disease (Blaak et al., 2012) . For this reason, the European Commission now requires that a foodstuff with a high SDS content has this declared on its packaging and that its positive effect on health is also indicated (EU Regulation 851/2013). ''Carasau'' is a traditional and widely commercialized crispy semolina-based flatbread produced in Italy (Fig. 1) . It is characterized by its sheet thickness of about 1 mm and very low moisture content and a w values (about 8% and 0.45, respectively), which guarantee an extended shelf life and marketability (Fois et al., 2011) . ''Carasau'' technology resembles that employed in the making of Finnish rye crisp bread ''Hapankorppuja'' (Qarooni, 1996) , except that the latter is leavened with sourdough, while the former is nowadays produced using baker's yeasts at the industrial level, despite the fact that the use of sourdough holds the potential to confer a number of advantages.
The aim of this paper was to study the effects of sourdough on the functional and sensory properties of this crispy flatbread. No data are present in the literature regarding the use of sourdough to leaven crispy flatbreads and the related changes produced in their physico-chemical and sensory properties or their digestibility. Two different carasau formulations were analyzed: one was made using baker's yeasts (BY), and the other was produced using liquid sourdough (LS). The breads' functional aspects were investigated by means of an in vitro starch digestibility test. Texture analyses were carried out to assess structural differences between samples and Raman spectroscopy was used to investigate the physical status of starch. Finally, the impact that sourdough had on the bread's sensory properties and on consumer acceptance was assessed using descriptive sensory evaluations and an acceptability test, respectively.
Materials and methods

Physico-chemical analyses of semolina and bread
Organic durum wheat semolina was purchased from the Casillo Group mill (Corato, Italy). Moisture and ash content were determined (at 105°C and 600°C, respectively) using a Thermal Gravimetric Method using a TGA instrument (Thermostep, Eltra, Germany). Protein content (Nx5.27) was determined by the Dumas method using a Rapid N Cube analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). pH, gluten index, and dry gluten were determined according to the AACC 02-52 and 38-12A methods (AACC, 2000) . Alveograph assessments were performed on semolina according to the AACC 54-30A (AACC, 2000), adapted to durum wheat (Dubois et al., 2008) . The qualitative characteristics of the two batches of organic semolina used in the experimental tests are given in Table 1 . Titratable acidity (TTA) was Fig. 1 Sheets of ''Carasau'' bread, a semolina based crispy flatbread produced in Italy determined using 10 g of sourdough or bread (the latter was grated and sifted through a 20-mesh sieve) in 100 ml of distilled water. After 1 h stirring, the sample was titrated to pH 8.5 with NaOH N/10 using an automatic titrator (Crison Instruments, Carpi, Italy).
Liquid sourdough preparation and maintenance
The sourdough starter was prepared according to Fois et al. (2018) . Sourdough refreshment was carried out every 24 h using a Fermentolevain FL80 bioreactor (Esmach, Grisignano di Zocco, Italy) by mixing sourdough, semolina and water in a 1:1:1 ratio (dough yield 200). Fermentation was carried out at 26°C for 3 h. pH and TTA were measured, then the sourdough was cooled to 5°C. The sourdough was refreshed twice before baking.
The viabilities of LAB and yeasts in the sourdough were checked after each refreshment: 10 g samples were mixed with 90 ml physiological solution, then homogenized for 2 min in a Bagmixer 400 lab homogenizer (Interscience, St Nom la Bretèche, France). Serial dilutions were plated on MRS agar for LAB counts then incubated at 30°C for 48 h in anaerobiosis using the Anaerogen and Anaerojar System (Oxoid, Rodano, Italy), and on YPD (1% yeast extract, 1% peptone, 2% glucose, pH 5.5) for yeasts counts, then incubated at 28°C for 48 h. All culture media and reagents were purchased from Oxoid (Rodano, Italy).
Bread-making
Three bread making trials were carried out in an industrial bakery using organic semolina (Casillo Group, Corato, Italy). Two were run using semolina coming from the same batch. For each trial, two different doughs were prepared in a fork kneader: one composing 35% (semolina weight basis) liquid sourdough (LS); and the other containing 1.5% compressed baker's yeast (BY). For each dough, 25 kg of semolina, sea salt (1.5% w/w) and water (35% w/w) were kneaded in a fork mixer for 30 min. In order for the two doughs to have the same moisture content, the sourdough water content was taken into account in LS bread dough formulation. The initial proofing, conducted in a fermentation chamber (28°C and 72% relative humidity), lasted 180 min for LS dough and 30 min for BY dough. At the end of the first proofing, the doughs were passed through a mechanical dough sheeter, with a gap of 2 mm, and then shaped into disks of 22 cm in diameter. Dough disks were conveyed onto a conveyor belt within the fermentation chamber where they remained for 1 h. At the end of the second proofing, the dough disks came out of the cells and were conveyed to the electrical tunnel oven for their first baking at 500°C for 5 s. During this first baking, the bread puffs up due to the rapid vaporization of the moisture such that the original sheet effectively becomes a bi-layer. The two layers of the puffed bread were then manually separated and toasted at 400°C for 5 s, then cooled at room temperature. The lower pH (4.74 ± 0.22) and higher TTA value (10.2 ± 0.17) of LS bread compared with BY bread (6.15 ± 0.16 and 4.5 ± 0.37) account for the acidifying activity of sourdough. Moisture content was comparable between samples (9% and 8% for LS and BY, respectively).
In vitro starch digestion
Starch digestion was carried out as outlined by Danza et al. (2014) , based on the method proposed by Chillo et al. (2011) . Five grams of bread, previously minced and passed through a 20-mesh sieve, were added to 50 ml distilled water and 5 ml maleate buffer (0.2 mol/l, pH 6.0, with 0.15 g CaCl 2 and 0.1 g sodium azide per liter) in a digestion vessel and incubated using a Innova 40 incubator shaker (Eppendorf, Milan, Italy) at 37°C for 15 min. Amyloglucosidase (0.1 ml; A 7095) (Sigma Aldrich, Milan, Italy) and pancreatin (1 ml of 2 g pancreatin/100 g maleate buffer; P 7545) (Sigma Aldrich, Milan, Italy) were added in quick succession to the sample to start the digestion. Vessels were incubated at 37°C and constantly stirred at 150 rpm until the end of analysis. After 0, 20, and 120 min of digestion, 0.5 ml samples were removed and the glucose content analyzed by UV-vis spectrophotometry (as mentioned below). After 120 min, samples were homogenized for 20 s using an Ultra-Turrax T25 digital Homogenizer (Ika, Königswinter, Germany) and digested for a further 60 min; samples were therefore subjected to a total of 180 min digestion from the time of pancreatin addition. The final 0.5 ml aliquot was then removed and the glucose content again analyzed.
Analysis of the digestate
The removed samples (0.5 ml) were pipetted into 15 ml test tubes containing 2.0 ml ethanol, vortexed for 5 s, incubated at 20°C for 1 h, then centrifuged in a Avanti J-26 XP centrifuge (Beckman-Coulter, Indianapolis, USA) at 20009g for 2 min. The supernatant (0.05 ml) was removed and pipetted into 15 ml test tubes containing 0.250 ml amyloglucosidase (Megazyme International Ltd, Bray, Ireland)1 ml/100 ml sodium acetate buffer (0.1 mol/ l, pH 5.2) for secondary digestion (10 min at 20°C). DNS reagent (0.750 ml) was then added and the samples heated in boiling water for 15 min, then immediately cooled in cold water (15°C) for 1 h. After 1 h, 4 ml of cold water (15°C) were added to each sample, which was mixed and the reducing sugar concentration measured colorimetrically using a UV-vis spectrophotometer; absorbance was read at 530 nm. Three digestion vessels per treatment were measured at each sampling time (0, 20, 120, and 180 min). Glucose standards of 10.0 mg/ml were used. The results were plotted as released glucose per gram of sample for each time point.
Texture analyses
A TA-XT plus Texture Analyser (Stable Micro Systems, Godalming, UK) with a 5 kg plugged load cell was used for force/displacement measurements (Salvador et al., 2009 ); a P/0.25s '' spherical stainless steel probe and a HDP/90 heavy duty platform equipped with a perforated plate were used. The bread sample was placed in the center of the perforated platform where the probe penetrated the sample until rupture. The texture analyser automatically recorded the data and texture parameters were computed from the force/displacement curve, which give information about the crispiness, stiffness, and solidity of the material analyzed. The test settings were: test speed 1 mm/s, distance 10 mm, trigger force 0.05 N, and threshold force 0.07 N. Exponent software (ver. 6.1.3.0) was used for acquiring and processing texture data.
Raman spectroscopy
Minced and 20-mesh sieved bread was analyzed by Raman spectroscopy to investigate the crystallinity status of the starch content. Raman measurements were performed using a Bruker RAM II FT-Raman module coupled to a Bruker vertex 70v interferometer (Bruker corporation, Billerica, USA). The laser excitation wavelength was 1064 nm and spectra were acquired by averaging 512 interferograms at a resolution of 4 cm -1 in the range 250-3500 cm -1 . A spectral range of 460-510 cm -1 was chosen to detect the position of the band that peaked at * 480 cm -1 using the procedure developed by Piccinini et al. (2012) . OPUS v6 software was used to acquire and process data.
Sensory analyses
Sensory analyses were performed by Descriptive Analysis (Lawless and Heymann, 2010 ) using 14 trained assessors (International Organization for Standardization, ISO 8585-1, 1994; ISO 8585-2, 1994; ISO 13299, 2016) : 7 men and 7 women, aged between 30 and 55 years. Assessors used reference standards in order to be able to gauge different intensities of bread attributes. Sensory attributes, sensory definitions, and reference standards are reported as supplementary material. The two samples were presented to the assessors in a randomized and balanced order (Macfie et al., 1989) and evaluated three times (replicates), corresponding to the three different baking tests. Each replicate was evaluated twice, in two assessment sessions held on the same day (repetitions). To evaluate each descriptor, a score scale was used, in which 0 was the minimum and 9 the maximum. Reference standards were made available for each sensory attribute. For some attributes, a minimum intensity standard was also indicated. Panel assessors always performed the sensory evaluation at the same time of the day and in pre-prandial conditions.
A hedonic test was performed in order to verify consumer acceptability of the products. Eighty consumers were asked to express their overall acceptability, over a 9 point unstructured scale, for two sets of bread samples (LS and BY).
Statistical analyses
To establish the presence of statistical differences between the samples, data were analyzed by analysis of variance (ANOVA) and LSD tests (p \ 0.05) using the Statgraphics Centurion software package (version 16.1.11, StatPoint Technologies Inc.). The hedonic scores collected from the consumer test were examined using ANOVA, with consumers (random effect) and products as the main effects. Sensory panel performances in terms of assessor's repeatability and sample discrimination ability were monitored using the software Panel Check (Nofima Mat, Å s, Norway), according to Tomic et al. (2007) .
Results and discussion
Sourdough properties
The microbial counts, carried out on the sourdough at refrigeration temperature, showed the number of LAB to range from 1 9 10 6 to 5 9 10 7 cfu/g and the number of yeasts to range from 1 9 10 7 to 5 9 10 7 cfu/g; the yeast to bacteria ratio varied from 1:1 to 1:10. The literature on sourdough typically report a prevalence of LAB over yeasts (Minervini et al., 2012; Scheirlinck et al., 2007) , but refreshment under aerated conditions, also known as back slopping, as performed here using the bioreactor, promotes yeast development, as reported by Savolainen et al. (2014) , accounting for the ratios observed. The mean sourdough pH, measured after 3 h of fermentation in all the bread making trials, was 4.40 ± 0.09.
In vitro starch digestibility and nutritional aspects
The amount of glucose released during in vitro starch digestion, expressed as a percentage for 100 g dry bread, was measured after 20 min (T 20 ), 120 min (T 120 ), and 180 min (T 180 ) fermentation. The zero time value (T 0 ) corresponds to the sugars (mono-and oligo-saccharides) initially present in the samples. These sugars are defined as ''free sugar glucose'' (FSG). The FSG percentage differed between the two types of bread, being 11.4 ± 0.5% in BY and 9.9 ± 0.7% in LS. A difference was expected, since the total number of microbial cells inoculated into LS bread was far higher than into BY bread. The quantity of sourdough (30% w/w) added to the LS dough was based on achieving a final concentration of 10 6 cfu/g LAB and 10 7 cfu/g yeast, whereas yeast was the only microbial group inoculated into BY dough (10 9 cfu/g in the inoculum, in order to achieve a final concentration of 10 7 cfu/g of dough). These data are in line with other studies (Maioli et al., 2008) .
The amount of glucose released after 20 min of in vitro digestion was different in the two bread types: in BY bread, the mean percentage of glucose released after 20 min was 33.4 ± 1.6%, whereas in LS it reached 27.7 ± 1.9%. This result has important implications from a nutritional point of view. The amount of glucose released within 20 min of food ingestion is defined as ''rapidly available glucose'' (RAG) (Englyst et al., 1999) ; it is the sum of FSG plus the glucose released in the first 20 min of digestion (RDS). Differences in RAG between different foods are able to explain most of the variability in their glycemic responses (Englyst et al., 1999 ). In the model used by the Englyst et al. (1999) , the glycemic response is proportional to the RAG value, according to the following formula: glycemic response = KRAG; where K is a constant that varies between individuals. In our case, the RAG value of BY was significantly higher than that of LS, and these data highlight how the leavening technology applied can alter the nutritional characteristics of the carbohydrates naturally contained in a food. No significant difference in the level of released glucose was measured between the two bread types at T 120 (55.6 ± 1.6% and 57.3 ± 1.0% for LS and BY bread, respectively; p C 0.05); but a difference was again observed at T 180 , being 61.9 ± 0.9% in LS bread and 58.3 ± 1.2% in BY bread. Figure 2 shows the different starch fractions in LS and BY bread. LS samples have a lower percentage of RDS (16.6 ± 1.8%), and a higher percentage of SDS (27.4 ± 1.7%) than BY bread samples (19.8 ± 1.3% and 20.0 ± 0.67%, respectively). During in vivo digestion, these two starch fractions are both digested in the small intestine, but the SDS fraction is digested more slowly than RDS (Englyst et al., 1999) . Usually the starch that is not digested within the first 120 min is referred to as resistant starch (RS). RS is recognized to be healthy because it is not absorbed in the small intestine and passes into the colon where is becomes a substrate for probiotic bacteria. In this study, following 120 min of in vitro digestion, bread samples were homogenized using an Ultra-Turrax in order to obtain complete tissue disruption, in accordance with Danza et al. (2014) . The starch digested in the time frame between 120 and 180 min can thus be more properly named ''inaccessible digestible starch'' (IDS), since it is not actually digestion-resistant starch, but just physically inaccessible to the digestive enzymes and thus cannot be digested; here it was made accessible by homogenization. Therefore it is a ''potentially digestible starch'' (Mishra and Monro, 2009; Mishra and Monro, 2012) , and the sum of RDS, SDS, and IDS here represent the total potentially available starch. LS bread was found to contain nearly twice as much IDS than BY bread (4.1 ± 0.9 vs. 2.4 ± 0.5%, respectively). Ö stman et al. (2002) reported that the organic acids in sourdough promote the formation of starch-gluten interactions, which make the starch less vulnerable to the digestive amylolytic enzymes, thus reducing its bioavailability and postprandial glucose response. Siljeström et al. (1988) showed that starch from sourdough leavened bread is less susceptible to a-amylase compared with starch from baker's yeast leavened bread. On the other hand, when samples were pre-treated with pepsin, prior to a-amylase digestion, a-amylase activity was comparable between sourdough and baker's yeast leavened breads; the authors suggested that a protein matrix in sourdough bread forms a barrier preventing aamylase activity. They also proposed that this effect is probably of no consequence with regard to in vivo digestibility.
The amount of SDS in ''carasau'' bread meets the conditions listed in the Commission Regulation (EU) No 851/ 2013 that authorizes the use of the following health claim on a food product's label: ''Consumption of products high in slowly digestible starch (SDS) raises blood glucose concentration less after a meal compared with products low in SDS''. The Regulation requires that the following three conditions are met: (1) digestive carbohydrates must provide at least 60% of the total energy of the food; (2) 55% of such carbohydrates must be digestible starch, defined by the acronym TDS (total digested starch, equal to the sum of RDS ? SDS); (3) the amount of SDS must be at least 40% of total digestible starch. ''Carasau'' bread satisfies all of these conditions. Any technological intervention, such as sourdough leavening, that implies a enhancement of the SDS fraction is advisable given the health benefits derived from the consumption of foods richer in this starch fraction.
Texture analyses
Representative force-displacement curves for BY and LS samples are shown in Fig. 3 .The jagged appearance of the trace is typical of crispy foods, and indicates the occurrence of several fracture events before breaking (Chen et al., 2005; Varela et al., 2006; Vincent, 1998) . The curve can be divided into two clearly distinguishable regions. In the first region (R1, Fig. 3) , from starting point to the first significant structural breakdown (first peak), the probe mainly deformed the sample, with a nearly linear increase in force over time. The second region (R2, Fig. 3 ) started with the first significant structural breakdown and ends with a maximum force peak before a force drop. This second region is characterized by the increasing force (gradient) and a variable number of fracture events. The parameters extracted from this curve are: (1) the break force, defined as the ''maximum peak force'' applied before breakdown; (2) the gradient, defined as the ''slope'' of the curve from starting point to sample breakdown, which relates to the product's ''stiffness''; (3) the number of force peaks after the first significant fracture event, which relates to sensory ''crispness'' (Chen et al., 2005; Varela et al., 2006) ; and (4) the area under the displacement curve, from the first significant peak to the maximum force, which is related to the work involved in sample deformation (Salvador et al., 2009) , from the start of sample breaking to final breakdown. The parameters obtained are shown in Table 2 . LS and BY bread samples showed no differences in the ''breaking force'' parameter, whereas significant differences were found in the other textural parameters. A steeper gradient was obtained for LS samples, which were ''stiffer'' than BY bread samples. A Higher number of force peaks were also recorded in LS samples, which can thus be interpreted as being more ''crisp'' than BY bread samples. A larger amount of work was necessary to break LS samples compared with BY samples. Taken together, these texture analysis results show that LS bread appears to be stiffer, crispier and more solid than BY bread. These findings were further confirmed by the results of descriptive sensory analyses, as reported below. Raman spectroscopy and type 3 of resistant starch data A FT Raman spectrum of a semolina-based bread was previously reported by Piccinini et al. (2012) , who found that the position of the peak at * 480 cm -1 (Raman shift, cm -1) provides information about the crystallinity status of starch. They show that the Raman frequency of the selected band shifts toward higher values after gelatinization (i.e., after baking) and back toward lower values during storage, when retrogradation occurs, indicating the formation of type 3 resistant starch (RS3), i.e. retrograded starch. We recorded the Raman spectra at T 0 , before the start of retrogradation. No data have been published on the retrogradation of a toasted bread, but a report does exist on the retrogradation phenomenon occurring in the crust of bread (Primo-Martín et al., 2007) , which is very low in moisture and effectively toasted, like carasau; the authors observed that retrogradation only commenced after 2 days of storage. Our data show no differences between the BY and LS bread samples (480.89 ± 0.30 and 481.18 ± 0.23 cm -1 , Raman shift for BY and LS bread, respectively), indicating that the addition of sourdough did not affect the physical status of starch in this toasted bread assessed just after baking.
Sensory analyses
The results of the sensory analyses are reported in Table 3 . Considering the appearance attributes, we can see that the choice of leavening technology used does not affect the ''color'' descriptor, while it does significantly affect other characteristics. Indeed, LS bread samples showed a higher ''resistance to mushing'', which relates to the ability of the samples to keep their structure (evaluated visually) after being held in water; a result of the more ''solid'' structure'' of LS carasau. LS bread also had more extended ''roasted areas'' after cooking. In this respect, sourdough apparently favors reactions that lead to brown compound formation. It is unlikely that this result is linked to the Maillard reaction, since the lower pH of LS samples should have slowed Maillard reactions down; this is because the amino groups of amino acids are largely protonated at low pH, thus the amount of free amino compound available for participation in the Maillard reaction should be less (Kroh, 1994) . The brown areas are more probably related to reactions occurring at higher temperatures, such as caramelization (favored at temperatures [ 120°C and low a W values). Caramelization can be catalyzed under acidic or alkaline conditions (Namiki, 1988) . Furthermore, in samples leavened with sourdough, the activity of flour proteases, favored at low pH, leads to the degradation of gluten, and consequently a reduction in the elasticity and firmness of bread dough (Clarke et al., 2004; Thiele et al., 2004) . As a result, larger areas of less thick bread can form in LS samples, which then dehydrate and brown quicker, as a consequence of vapor expansion during the cooking phase. Of the olfactory attributes, ''sourdough'' and ''baker's yeast'' are closely related to the type of leavening technology used and, as expected, the results are significantly different for the two breads. It must be pointed out that the greater olfactory complexity of bread produced with the use of sourdough tends to mask the presence of odors, such as ''semolina'', coming from the raw materials. The odor ''toasted'' stands out the most in LS breads, and accounts for the more extensive roasted areas in LS bread, since browning reactions at high temperatures give rise to specific volatile compounds (Kroh, 1994) associated with the ''toasted'' odor.
The tactile descriptor intensities were also affected by the leavening technology employed. LS bread samples generated higher values for ''chew count'', ''hardness'', ''crispiness'', and ''crystalline'' and lower values for ''ease of dissolution'' compared with BY bread samples. The use of the sourdough endowed this crispy bread with a more ''solid'' and ''crystalline'' structure, so much so that it became more ''resistant to cracking'' by hand. This was probably related to a larger amount of retrograded starch as seen in the LS samples. It also endowed LS samples with a more ''rough'' surface. Moreover, the presence of lactic acid arising from LAB metabolism and the consequent drop in pH may have favored interactions between the starch and gluten during heat treatment (Ö stman et al., 2002; Siljeström et al., 1988) that could have contributed to the structural differences observed. Breads produced using baker's yeast have a higher ''adhesiveness'', i.e., a greater tendency to stick to the teeth during chewing.
As far as the taste attributes are concerned, with the exception of the descriptor ''salty'', all were influenced by the type of leavening technology employed. LS bread was rated less sweet, more sour, and more bitter. BY was rated as having a less marked umami taste. The greater perception of sweetness in BY bread is justified by its higher content of simple sugars compared with LS, as evidenced by the in vitro analysis of bread digestibility. The absence of an acidic taste in BY bread also favors the perception of ''sweetness''. The assessment made by the panel lead to the conclusion that the sensory characteristics of carasau bread are strongly influenced by the type of leavening technology used.
The results of the consumer acceptability assessment are also reported in Table 3 . The consumers awarded higher ''taste'', ''texture'', and ''acceptability'' scores to LS samples. Overall, the results of the sensory tests show that the use of sourdough improved the overall consumer acceptability rating for this crispy flatbread by enhancing the product's textural and sensory characteristics; a result that has also been reported for other types of bread (Charmaine and Arendt, 2005; Chavan and Chavan, 2011; De Vuyst and Neysens, 2005) .
In summary, we can conclude that the leavening technology employed significantly affects starch digestibility in ''carasau'' crispy flatbread. The use of liquid sourdough causes a reduction in the RDS content and a concomitant increase in SDS; thus the consumption of Carasau bread produced using sourdough under the conditions proposed is likely to generate a lower post-prandial glycemic response compared with Carasau bread produced using with baker's yeast only. The LS carasau bread produced here also complies with the conditions necessary for use of the health claim contained within Commission Regulation (EU) No 851/2013.
Bread produced with sourdough also showed a higher amount of starch resistant to attack by the enzymes used during in vitro tests. It can therefore be considered a ''functional food'' since the starch that is not digested by amylolitic enzymes can be considered, in all respects, as ''dietary fiber'' and has recognized functional properties as it stimulates the intestinal microbiota.
No differences in the cristallinity status of starch were detected between fresh samples of LS and BY bread. As shown by the descriptive analysis and acceptability test results, sourdough has a strong influence on certain attributes that characterize the product, enhancing positive sensory characteristics and improving acceptability. As a concluding remark, sourdough leavening technology is highly advisable and can be easily implemented in bakeries that already produce ''Carasau'' bread and other semolina crispy flatbreads without breaking the pace of production thanks to the use of modern bioreactors that enable the mechanization of all the operations related to the preparation of the sourdough. Informed consent Informed consent was obtained from all consumers for their inclusion in the study.
